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(54) Method of forming a pattern and projecting exposure apparatus 



(57) A novel method of pattern formation and a pro- 
jection exposure apparatus are disclosed, in which the 
pupil of a projection lens of the projection exposure 
apparatus used for forming an LSI pattern or the like 
has mounted thereon an optical filter having a complex 
amplitude transmittance distribution expressed sub- 
stantially as T(r) = cos(27ipr^ - 0/2) as a function of a 
radial coordinate r normalized by the maximum radius 
of the pupil. Alternatively. Fourier transform of a layout 
pattern drawn on the LSI is obtained, an obtained Fou- 
rier transform data is multiplied bycos(27rpf^ 
- e/2) (where f is a spatial frequency and p. 0 appropri- 
ate real numbers), the inverse Fourier transform of the 
resulting product is taken to produce a pattern, and this 
pattern or an approximate solution thereof is used as a 
mask pattern thereby to produce an LSI by exposure. 
As a result, even when the NA is increased and the 
wavelength shortened to improve the resolution limit, a 
large depth of focus and a high image quality are 
obtained at the same time. It is thus possible to form a 
pattern of 0.2 to 0.3 j.im by the use of an optical expo- 
sure system. 
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Description 

The present invention relates to a method of forming a fine pattern for various types of solid state devices. This 
invention also relates to a projection exposure apparatus and a projection exposure mask used for the fine pattern for- 

5 matron, a method of fabricating the mask and a method of layout designing of the mask pattern. This invention further 
relates to an optical lens used for all optical apparatuses and an optical filter installed in the optical lens. 

In order to improve the degree of integration and the operation speed of solid state devices such as LSI, circuit pat- 
terns have been miniaturized more and more. At present, a reduction projection exposure method superior in mass pro- 
ductivity and resolution capability is widely used for forming such circuit patterns. The resolution limit of this method is 

10 proportional to the exposure wavelength and inversely proportional to the numerical aperture (NA) of the projection 
lens. The depth of focus, on the other hand, is proportional to the exposure wavelength and inversely proportional to 
the square of NA. As a result, with the improvement in the resolution limit (increase in NA and shortening of wave- 
length), the depth of focus is being reduced extremely 

Conventionally, there has been suggested a phase-shifting method for reversing the phase of light transmitted 

15 through an adjacent aperture on the mask as a method for improving the resolution of projection exposure remarkably. 
Also, a FLEX (Focus Latitude Enhancement Exposure) method for effecting exposure by the use of images of the same 
mask pattern formed at a plurality of positions along the light axis has been suggested as a method for remarkably 
improving the depth of focus in the conventional projection exposure method. The phase-shifting method is discussed 
in IEEE Trans. Electron Devices. Vol. ED-29. pp. 1828-1836 (1982), and the FLEX method in IEEE Electron Device Let- 

20 ters. Vol. EDL-8. pp. 179-180 (1987). for example. 

A method of changing the imaging characteristics by changing the distribution of amplitude or phase in a lens pupil, 
on the other hand, is generally known as an apodisation or an optical filtering. Further, the double diffraction method is 
known as a method for restoring the reduced contrast of an image. These methods are discussed in, for example. 
Progress in Optics, Vol. 2, pp. 133-152 (1983), North-Holland Publishing Co. 

25 In recent years, the circuit pattern has been more and more miniaturized with the increase in the degree of large 
scale integration, while electronic device structures of DRAM, a typical LSI. and the like are increasingly formed in three 
dimensions. As a result, the surface of the LSI substrate making up a projection surface of a mask pattern is undesirably 
displaced from the ever-reducing depth of focus, thereby making it increasingly difficult to form a fine pattern on the 
whole surface of an LSI chip. It is therefore necessary to secure a high resolution with the required depth of focus. 

30 If the above-mentioned phase-shifting method is applied to repetitive patterns such as the LSI wiring pattern under 
the illumination conditions of about 0.3 in coherence factor, not only the resolution but also the depth of focus is 
improved greatly by a factor of two or more. In the conventional applications to hole patterns or other isolated patterns, 
however, both the resolution and the depth of focus are improved only by about 20%. Also, a transfer pattern identical 
to the mask shape cannot be obtained due to an increased proximity effect in the case of a pattern of complicated 

35 shape. 

According to the above-mentioned FLEX method, on the other hand, the depth of focus of an isolated pattern like 
a hole pattern is improved greatly by a factor of two or three. In this method involving a plurality of exposures effected 
while moving the substrate stage along the light axis mainly, however, the problems are posed that the exposure control 
is complicated and that the mechanical operation of the substrate stage is required during exposure of the same chip. 

40 Another problem is that the image contrast is deteriorated in patterns having a comparatively large proportion of expo- 
sure area, or especially, repetitive patterns of LSI wirings or the like. 

An object of the present invention is to provide a novel method of forming patterns, a projection exposure appara- 
tus, a mask, a mask fabrication method and a pattern layout method which are capable of maintaining a large depth of 
focus inspite of a larger NA and a shorter wavelength to improve the resolution limit without posing any of the problems 

45 mentioned above. 

In the references cited above, a multiple-foci filter is suggested by Dr. Tsujiuchi. et al. such a filter, however, is 
intended for setting the focal point to a plurality of mutually -distant planes in a system having a large aberration, and 
fails to take into full consideration the phase relation between a plurality of images formed at the focal points. It is there- 
fore not always possible to assure the desired effect in a diffraction limited optical system. Further, the spatial distribu- 

50 tion of the transmittance (transmission) and phase of the filter for securing a uniform light intensity along the light axis 
in accordance with various patterns are not defined clearly. 

Another object of the present invention is to provide a projection exposure apparatus using a novel optical filter, an 
optical lens and the above-mentioned lens which is capable of maintaining a large depth of focus and a resolution capa- 
bility in a diffraction limited optical system of a projection exposure apparatus for LSI or the like. 

55 A large depth of focus is required in various fields of optics in addition to the reduction projection exposure 
described above. More specifically an optical microscope for observing objects having a three-dimensional structure 
such as living creatures and the surfaces of LSI, a microlens for an optical disk head, and general optical devices includ- 
ing camera and telescope are expected to find applications in wider areas and may be improved in capacity by increas- 
ing the depth of focus. As the second object, the present invention provides a novel optical lens capable of maintaining 
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a large depth of fcx:us also in general optical devices and an optical filter used for that purpose. 

According to one aspect of the present invention, when projection exposure is effected through a mask pattern on 
a predetermined region of a photoresist layer formed on a substrate having a topography in the surface thereof, images 
of the mask pattern having substantially the same amplitude are formed simultaneously at mutually-distant first and 

5 second positions having different distances from the reference level of the substrate along the light axis, and the phase 
correlation between the images formed at the two positions satisfies a predetermined condition, whereby the sum of 
exposure amounts in the region interposed between the first and second positions is equal to or more than the expo- 
sure amount capable of forming a pattern of the photoresist layer by development. 

According to another aspect of the present invention, when projection exposure of a mask is effected on a substrate 

w through a projection lens by use of light, the distribution of the complex amplitude transmittance of the mask pattern or 
the pupil (or an aperture stop plane at a position conjugate therewith) of the projection lens or the illuminance distribu- 
tion of an effective light source is set in such a manner that the amplitude distribution of the light transmitted through the 
pupil of the projection lens is equal or appropriately approximate to the amplitude distribution of the light obtained on 
the pupil when a mask having the desired desiqn pattern is illuminated with a normal partially spatial coherent light or 

15 a spatial coherent light, multiplied by cos(2n:pr - e/2) (r: Pupil radius coordinate, p. 9: Appropriate real number). 

According to still another aspect of the present invention, an optical filter having the distribution of complex ampli- 
tude transmittance expressed by 

T(r) = cos(2;tpr^ - 9/2) x circ(r) 

20 

(p. 9: Appropriate constant), or the distribution of complex amplitude transmittance with an appropriately discrete func- 
tion of T(r), is disposed at a substantial pupil plane of the lens, a plane conjugate with the pupil plane or an aperture 
stop position determining the numerical aperture of the lens. 

According to a further aspect of the invention, the Fourier transform of layout pattern drawn on the LSI is obtained. 
25 the pattern data obtained after Fourier transform is multiplied by cos(2n:pf ^ - 9/2) (f: Spatial frequency), and the 
inverse Fourier transform of the resulting product is taken, so that the pattern thus obtained or a solution approximate 
thereto is used as a mask pattern to fabricate an LSI by exposure. 

In the drawings 

30 Fig. 1 is a diagram typically showing the principle of the present invention. 

Figs. 2A to 2D are other diagrams typically showing the principle of the present invention and a process for produc- 
ing a modified mask pattern from a designed mask pattern, Fig. 2E is a diagram showing the distribution of light 
intensity by a modified mask, and Fig. 2F is a diagram showing the distribution of light intensity of a conventional 
mask. 

35 Fig. 3A is a diagram showing the phase-amplitude distribution of a projected image of a linear aperture pattern 

according to the prior art (conventional exposure method). Fig. SB is a diagram showing the light intensity distribu- 
tion of a projected image of a linear aperture pattern according to the prior art. Fig. 3C is a diagram showing the 
phase-amplitude distribution of a projected image of a linear aperture pattern according to the present invention, 
and Fig. 3D is a diagram showing the light intensity distribution of a projected image of a linear aperture pattern 

40 according to the present invention. 

Fig. 4A is a diagram showing the complex amplitude transmittance of a filter according to the present invention, and 
Fig. 4B is a diagram showing the focus dependence of the light intensity distribution with a filter according to the 
present invention applied to a hole pattern. 

Fig. 5A is a diagram showing the complex amplitude transmittance in a pupil according to the prior art. and Fig. 5B 
45 is a diagram showing the focus dependence of the light intensity distribution according to the prior art. 

Fig. 6A is a plan view showing a contact hole pattern. Fig. 68 is a diagram showing the light intensity distribution 
under just focused condition without using any filter according to the present invention for the contact hole pattern 
shown in Fig. 6A, Fig. 6C is a diagram showing the light intensity distribution without using the filter according to 
the present invention with the contact hole pattern defocused by 1 lam. Fig. 6D is a diagram showing the light inten- 
se sity distribution in the case where the filter according to the present invention is used with the contact hole pattern 
according to the present invention just focused, and Fig. 6E is a diagram showing the tight intensity distribution in 
the case where the filter according to the present invention is used for the contact hole pattern of Fig. 6A with the 
contact hole pattern defocused by 1 um. 

Fig. 7A is a diagram showing the complex amplitude transmittance of another filter according to the present inven- 
55 tion. and Fig. 7b is a diagram showing the focus dependence of the light intensity distribution in the case where 

another filter according to the present invention is applied to the hole pattern. 

Fig. 8A is a diagram showing the complex amplitude transmittance of still another filter according to the present 
invention, Fig. 88 is a diagram showing the relation between the depth of focus and size when no filter is used, and 
Fig. 8C is a diagram showing the relation between the depth of focus and size in the case where a filter is used. 
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Fig. 9A is a diagram showing an example of wiring pattern of LSI, Figs. 9B to 9E are diagrams showing the light 
intensity distribution under various conditions when the conventional method is applied to the wiring pattern shown 
in Fig. 9A respectively, and Figs. 9f and 9G are diagrams showing the light intensity distribution under various con- 
ditions when the present invention is applied to the wiring pattern shown in Fig. 9A. 
5 Fig. 1 0A is a diagram showing the complex amplitude transmittance of a filter. Fig. 1 0B is a diagram showing the 

Al layer thickness distribution a filter, and Fig. IOC is a diagram showing the Si02 layer thickness distribution on a 
filter 

Fig, 1 1 A is a diagram showing the radial distribution of the thickness of an absorber formed on a filter according to 
the present invention. Fig. 11 B is a diagram showing the radial distribution of thickness of an MgF2 layer formed on 
10 a filter according to the present invention, and Fig. 1 lc is a diagram showing the complex amplitude transmittance 
of a filter according to the present invention. 

Fig. 12 is a diagram showing the complex amplitude transmittance of an optical filter according to the present inven- 
tion. 

Fig. 13 is a diagram showing the complex amplitude transmittance of another optical filter according to the present 
75 invention. 

Fig. 14A is a diagram showing the radial distribution of the thickness of an annular absorber pattern formed on a 
filter according to the present invention, Fig. 14B is a diagram showing the light transmittance distribution of the 
same filter. Fig. 14C is a plan view of the phase filter pattern of the filter, and Fig. 14D is a diagram showing the 
complex amplitude transmittance of the filter. 
20 Fig. ISA is a diagram showing an aperture pattern, Fig. 15B is a diagram showing the amplitude transmittance 
along line A-A' in Fig. ISA. Fig. ISC is a contour map showing the amplitude transmittance distribution of a mask 
obtained on the basis of the aperture shown in Fig. ISA. and Fig. 15D is a diagram showing the amplitude trans- 
mittance along line A-A' in Fig. 1SQ 

Fig. 16A is a diagram showing the focus dependence of the light intensity distribution according to the prior art, and 
25 Fig. 16B is a diagram showing the dependence of the light intensity distribution on the focal point according to the 
present invention. 

Figs. 17A to 17D are diagrams showing the light intensity distribution for various coherence factors using a mask 
according to the present invention. 

Fig. ISA is a plan view of a mask according to the present invention. Fig. 1 SB is a diagram showing the amplitude 
30 transmittance of the mask shown in Fig. 18A, and Fig, ISC is a diagram showing the focus dependence of the light 
intensity distribution when the mask shown in Fig. ISA is used. 

Fig. 19A is a plan view showing an example of the mask for the contact hole, and Fig. 19B is a plan view of the 
mask for the contact hole according to the present invention. 

Fig. 20A is a diagram showing the light intensity distribution for 0 i^m defocus when the mask shown in Fig. 19A is 
35 used, Fig. 20B is a diagram showing the light intensity distribution for 1 |jm defocus when the mask shown in Fig. 
19A is used. Fig. 20C is a diagram showing the light intensity distribution for 0 fim defocus when the mask shown 
in Fig. 19B is used. Fig. 20D is a diagram showing the light intensity distribution for 1 um defocus when the mask 
shown in Fig. 19B is used. Fig. 2GE is a diagram showing the light intensity distribution for 0 |im defocus when the 
mask is used with the interference between patterns suppressed, and Fig, 20F is a diagram showing the light inten- 
se sity pattern for 1 (im defocus when the same mask is used with the interference between patterns suppressed. 

Fig. 21 A is a partial plan view of a conventional mask for the hole pattern. Fig. 21 B is a partial plan view of a mask 
for the hole pattern according to the present invention, and Fig. 21 C is a partial plan view of another mask for the 
hole pattern according to the present invention. 

Fig. 22A is a plan view showing the light intensity distribution for 0 \im defocus when the mask shown in Fig. 21 A 
45 is used. Fig. 22B is a plan view showing the light intensity distribution for 1 um defocus when the mask shown in 
Fig. 21 A is used, Fig. 22C is a plan view showing the light intensity pattern for 0 pm defocus when the mask shown 
in Fig. 21 B is used. Fig. 22D is a diagram showing the light intensity distribution for 1 ^m defocus when the mask 
shown in Fig. 21 B is used, Fig. 22E is a plan view showing the light intensity distribution for 0 \im defocus when the 
mask shown in Fig. 21C is used, and Fig. 22F is a plan view showing the light intensity distribution for 1 ^m defocus 
50 when the mask shown in Fig. 21 C is used. 

Fig. 23A is a diagram showing a mask for the hole pattern according to the present invention. Fig. 23B is a diagram 
showing the amplitude transmittance of the mask. Fig. 23C is a diagram showing the light intensity obtained when 
the same mask is used. Fig. 23D is a diagram showing another mask for the hole pattern according to the present 
invention. Fig. 23E is a diagram showing the amplitude transmittance of the same mask. Fig. 23F is a diagram 
55 showing the light intensity obtained when the same mask is used. Fig. 23G is a diagram showing another mask for 
the hole pattern according to the present invention. Fig, 23H is a diagram showing the amplitude transmittance of 
the same mask, and Fig, 231 is a diagram showing the light intensity obtained when the same mask is used. 

In order to facilitate a better understanding of the present invention, there will first be described the principle of the 
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present invention with reference to Figs. 1 . 2A to 2F and 3A to 3D. 

The amplitude distribution Uq of an image projected by coherent light Is written as shown below as a function of the 
defocus z and the position vector x within the plane perpendicular to the light axis. 

5 Uo(x.2) = exp(i<|>) J a(f) • Po(|f|.z) • exp(2;i ix • f)df (1) 

Po{r,z) = circ(r) • exp((27r izr^) 

where a(f) is the Fourier spectrum of the mask pattern, po(r.z).the pupil function, f the spatial frequency vector normal- 
10 ized by NA/X, and r the radial coordinate of the pupil plane normalized by the maximum aperture radius. The amplitude 
transmrttance distribution of the pupil plane of the projection lens is assumed to be a two-dimensional function circ(r) 
which becomes 1 when 0 s r ^ I and 0 when I < r. The defocus z holds the relation D = 2z}JNA ^ with the defocus 
amount D of real dimensions on the light axis. The term exp(i(j>) represents the light phase and (t> is regarded as equal 
to 2kD/X =4kz/NA^ . 

15 

Now. when the image plane of the original image is moved in parallel to the light axis (z) by +p with the phase 
thereof displaced by +A(t>. the amplitude distribution thereof is given as Uo{x.z - P)exp(iA(j>), Therefore, the amplitude dis- 
tribution U'(x,z) of a composite image composed of an image formed at z = +p with the phase displaced by and 
an image formed at z = -p with the phase displaced by -A(t> is given as 

20 

U'(x.z) = (U o(x.z-p)exp(lA(t>)-f.U o{x.z-p)exp(i A(|>)]/2 (2) 
Substituting Equation (1) into Equation (2), 
25 U'(x.z) = exp(i(t)) X 1" a(f) • cos(27rpf ^ - 9/2) • Po(|f!.z) • exp(2;rix • f)df (3) 

where 9 = 2A(f> - 8;rp/NA^ . which is equivalent to a net phase difference as expressed by the difference between the 
phase difference of the two images and the phase change caused by the change in the distance between the image 
planes. Comparison of Equations (1 ) and (3) shows that the amplitudes of the two images (with a distance 2p between 

30 the image planes) formed at different positions along the light axis may be super imposed while controlling the phase 
difference (9) of each image, by introducing cos(2;cPf ^ - 9/2) in the amplitude integration. In the case where the light 
source has a finite magnitude (partially coherent illumination), "a(f)" in Equation (3) may be changed to [J S(s) • a(f-s)ds] 
with S(s) as an effective light source. 

The term cos(27rpf ^ - 0/2) may be introduced into the integral of Equation (3) by either of the two methods men- 

35 tioned below. 

A first method consists in changing the pupil function to 

p'(|r|,z) = cos(27ipr^ - 0/2) • Po(|r|.z) (4) 

40 The pupil function can be regarded as a complex amplitude transmittance distribution of the pupil of the projection lens 
(or the aperture stop at a position conjugate therewith). As a result, in order to obtain the above-mentioned pupil func- 
tion p'. the amplitude transmittance distribution of the pupil or the aperture stop is set to cos(27rPr^ - 0/2) . An outline 
of this method is shown as a model in Fig. 1 . If a spatial filter expressed by a complex amplitude transmittance distribu- 
tion 

45 

T(r) = cos(2rtPr^ - 0/2) • circ(r) (5) 

is provided in the pupil or the aperture stop, it is possible to combine the amplitudes Ul arxJ Ull of two images I and II 
formed at different positions along the light axis while controlling the phase difference between the two images. The dis- 
50 tance between two image planes and the phase difference may be set as desired depending on the values p and 0 in 
Equation (5). 

A second method of introducing the term cos(2irpf ^ - 0/2) in the integral of Equation (3) consists in using a new 
mask pattern whose Fourier transform a'(f) becomes 

55 a'(f) = a(f) X cos(27t pf ^ - 0/2) (6) 

This method is briefly shown as a model in Fig. 2. The Fourier transform a(f) (See Fig. 2B) of the complex amplitude 
transmittance distribution A(x) of the designed mask pattern shown in Fig. 2A is determined, and the result is multiplied 
by cos(2rrpf - 0/2) • circ(r) as a'(f) (Fig. 2C). Further, the complex amplitude transmittance distribution A'(x) (See Fig. 
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2D) of a new mask pattern is determined by inverse Fourier transform of a'(f)- More specifically, when a mask with the 
amplitude transmittance distribution thereof is expressed as 

A(x)=F'''[F{A(x)} X cos(27tpf ^ - 0/2) • circ(|f|)l (7) 

5 

the composite amplitude distribution of Equation (3) is obtained. Here. F[f(x)] and F'^ [g(t)] represent the Fourier trans- 
form of f(x) and the inverse Fourier transform of g(t) respectively The distance between image planes and the phase 
difference can be set as desired by the values of (3 and 6 in Equation (7). As shown in Fig. 2E. when a mask satisfying 
Equation (7) is used, it is possible to realize a satisfactory light intensity distribution with a large depth of focus as com- 

10 pared with the prior art (Fig. 2F). The term "circ(|f|)" in Equation (7) may be eliminated. Further, the area given as |f| > 
I of the function a'(f) subjected to inverse Fourier transform may substantially take any value. 

In the case of a light source having a finite capacity (partially coherent illumination). "a(f)" in Equation (1) or (3) is 
changed to [f S(s) ♦ a(f-s)ds] with S(s) as an effective light source. In applying the present invention under a (spatially) 
partially coherent illumination, therefore, it is necessary to determine a mask pattern whose Fourier transform a"(f) sat- 

15 isfies 

f S(s) • a"(f-s)ds = I S(s) • a(f-s) • cos(2;ipf ^ - 0/2)ds (8) 

The amplitude transmittance distribution A*'(x) of a desired mask pattern is given below with the equation above solved 
20 as to inverse Fourier transform. 

A"(x)=F'''[F{A(x) • F''[S(f)]} X cos(2rtpf ^ - 0/2) • circ(|f|)]/F'^[S(f)] (9) 

In this equation, the convolution theorem relating to Flourier integration is used. By using a mask whose designed pat- 
25 tern is changed according to Equation (9). it is possible to obtain an effect under (spatially) partially coherent illumina- 
tion similar to the one under spatially coherent illumination. Nevertheless, in the case of using Equation (9). there exists 
a singular point expressed as F *^ [S(f)] = 0 . In the case of almost coherent illumination, the singular point is situate far 
away from the main pattern and therefore the effect thereof may be ignored. With the decrease in spatial coherency on 
the other hand, the singular point approaches the main pattern, with the result that the mask pattern becomes consid- 
30 erably complicated. Even when Equation (7) is used, a sufficient effect is obtained as long as the coherence of illumi- 
nation is high to some degree. Desirable coherence conditions in such a case will be described later with reference to 
embodiments. 

.A similar effect is obtained in the case of a light source having a finite capacity by using an effective light source 
having an illumination distribution S"(s) satisfying 

35 

I SXs) • a(f-s)ds = I S(s) • a(f-s) • cos(27tpf ^ - 0/2)ds (10) 

as against the ordinary effective light source of partially coherent illumination. 

Now, the depth of focus :\nd the improvement in resolution by amplitude superposition described above will be 

40 explained with reference to Fig. 3. 

The phase/amplitude distribution Uq and the light intensity distribution which is the square of the absolute value of 
the phase/amplitude distribution Uq of a projected image of a linear aperture pattern according to the prior art undergo 
a change in the manner shown in Figs. 3A and 3B. This indicates that the image disappears by defocus. 

On the other hand. Figs. 3C and 3D show a similar result for the phase amplitudes U|, U,, and the composite ampli- 

45 tude U| + Un of two images formed at z = ±p and having phases substantially opposite to each other. The phase 
change of the wavelength period, however, is not included. 

The fact that follows becomes known from Figs. 3C and 3D. First, a uniform amplitude distribution having a sub- 
stantially opposite phase of an image defocused by (-)2p is superposed on a mount-shaped amplitude distribution of a 
focused image in the vicinity of each image plane. As a result, the amplitudes offset each other near the periphery of 

50 the pattern, thereby reducing the FWHM (full width at half maximum) of the amplitude (light intensity) distribution. In the 
neighborhood of an intermediate point between two image planes, in contrast, the amplitudes of the images defocused 
by ±p are superposed one on the other. Although the absolute value of amplitude remains substantially uniform, the 
phase is turned by about ±45 degrees at the center of the pattern while remaining almost unchanged at the periphery 
thereof. The amplitudes of the two images are thus superposed with a phase difference of about 90 degrees at the pat- 

55 tern center, whereas the composite amplitude is zero as substantially opposite phases are offset by each other at the 
periphery of the pattern. The result is that an image is formed with a smaller expansion of light intensity distribution than 
the original image. As a consequence, the effects of the focus latitude enhancement of the FLEX method and the 
phase-shifting method using a peripherally-added subphase shifter are obtained at the same time, thereby improving 
the depth of focus and the resolution. This is almost the case with other patterns. 
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The values of p and 9 (in radians) in the various equations shown above are preferably in the ranges set below. 

0.3 < p < 0.7 

5 lOp -5 < e < lOP - 2 

Further, the desirable values of p and e are dependent on the pattern transferred. In the case of a periodic pattern, for 
example, the sign of the amplitude transmittance is preferably constant except for the outermost periphery of tne pupil. 
This does not apply to the hole pattern or the like whose Fourier transform represents a continuous spectrum. Prefera- 
w ble values of p and e according to the pattern may be considered about those shown in the embodiments described 
below, for example. 

The amplitude superposition described above is the simplest case. The number and the positions of planes of 
images to be superposed and the phase relation therebetween may be variously considered. In the case where three 
or more images are superposed by the use of a pupil filter, for instance, the cosine function in Equation (5) is changed 
?5 to the sum of two or more distribution functions in the form of Equation (5) with an appropriate weight and having differ- 
ent values of p and 0. More specifically, a general formula of the complex amplitude transmittance for securing ampli- 
tude superposition of a plurality of images is given as 

M 

20 T(r) = X C i • cos(27rP jr ^ - e /2) (11) 

i=1 

In view of the fact that the light intensity of an image decreases extremely while the depth of focus increases with the 

increase in the number of image planes, however, the number of image planes is preferably two or three. In order to 
25 increase the transmittance of the optical filter, on the other hand, the value of each Cj is preferably set in such a manner 

that the maximum value of T(r) (0 ^ r ^ I) is about unity. 

When the mask is illuminated with a point light source, the Fourier spectrum of a mask pattern is formed on the 

pupil plane. As a result, the amplitude transmittance T(r) of the pupil is equal to the coherent transmission function 

regarding r as the spatial frequency. An optical filter having a frequency smaller at the center than at the periphery func- 
30 tions as a high frequency-enhancing filter or a low frequency-suppressing filter for reducing the transmittance of lower 

spatial frequency of an optical system. Depending on how to select p and 0. therefore, the imaging characteristics are 

affected. 

In the case of a multi-focal filter in which the transmittance decreases with the increase in r, the high frequency 
transmission characteristics of the optical system are deteriorated, so that the contrast of a fine pattern is decreased. 
35 When a low frequency-suppressing filter having a proper transmittance distribution with the transmittance thereof 
smaller at the center than at the periphery is disposed at the position of the pupif in superposition with the multi-focal 
filter, it is possible to suppress the decrease in the image contrast while maintaining the FLEX effect. 

A comparatively satisfactory result is obtained, for instance, when a low frequency-suppressing filter satisfying the 
relationship 

40 

T(r) = a(r/r') + (l-a) (12) 

where 0.7 < a < 1.0 and 0.5 < r' < 1.0. is superposed on a multi-focal filter satisfying the relationship 
T(r) = C • cos(27t • 0.3 • r ) . In this case, the value C is preferably set in such a manner that the maximum value of the 
45 product of T(r) and TXr) (o ^ r s I) is almost unity. Instead of superposing a low frequency-suppressing filter on a multi- 
focal filter, it is of course possible to use a filter having a complex amplitude transmittance equal to the product of the 
respective amplitude transmittances. 

As an alternative to disposing a low frequency-suppressing filter at the pupil position of the projection optical sys- 
tem in superposition with a multi-focal filter, a low-contrast image that has been formed may be reproduced by the dou- 
50 ble diffraction method through the filter mentioned above. 

Apart from the suppression of the low frequency components of Fourier transform of a pattern in combining two or 
more images described above mainly with reference to the pupil filtering method, the same can be said of a method of 
modulating the phase amplitude transmittance of a mask. 

55 First embodiment 

A filter having a complex amplitude transmittance distribution (Fig. 4A) with p = 0.65 and 6 = 260'' in Equation (5) 
is inserted at the stop position (conjugate plane of the entrance pupil) determining the numerical aperture of a projec- 
tion lens of a KrF excimer laser reduction projection exposure apparatus (coherence factor a = 0.5) having the numer- 
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ical aperture of 0.5. As a result, the focus dependence of the light intensity distribution shown in Fig. 4b is obtained for 
a 0.3 pm hole pattern corresponding to the Rayleigh*s resolution limit. A similar result obtained when lacking a filter is 
shown in Figs. 5A and 5B for comparison. Comparison between Rgs. 4 and 5 shows that the insertion of the filter more 
than triples the depth of focus while reducing the FWHM of the light intensity distribution at the resolution limit by about 

5 20%. The light intensity, however, decreases to one fifth of the normal level. 

The above-mentioned pattern was transferred by the use of a positive-type chemically-amplified resist having a 
sensitivity of about 10 mJ/cm^. By regulating the exposure time, a hole pattern having a diameter of 0.22 ^m to 0.35 ^m 
was formed with a satisfactory section over the focal range of ±1.5 ^im. In spite of the fact that the light intensity 
decreased to one fifth, the exposure required only about 0.2 to 0.4 seconds. 

10 Actual LSI contact hole patterns as shown in Fig. 6A were exposed by the use of the above-described optical sys- 

tem. (The numerical aperture was changed to 0.45) The resulting light intensity distributions are shown in Figs. 68 to 
6E. The insertion of a filter enables a pattern to be resolved even in the case of 1 um defocus. When the filter is lacking, 
on the other hand, a 1-fim defocus causes the image to disappear almost entirely. 

The wavelength of the exposure apparatus, the numerical aperture, the coherence conditions, the resist process 

75 used, the mask pattern feature size. etc. are not limited to those shown in the embodiments described herein. Also, the 
values of p and O are not confined to those used above. When p = 0.55 and e = 140°. for instance, the FWHM of intensity 
profile is almost equal to the value obtained according to the prior art. while the FWHM of intensity profile increases by 
about 30% when p = 0.35 and 0 = O"*. In either case, the depth of focus increases as according to the present embodi- 
ment. 

20 

Second embodiment 

A filter similar to that used for the first embodiment was fabricated as shown by thick solid line in Fig. 7A. This filter 
was disposed at the conjugate plane of the entrance pupil of a projection lens as in the first embodiment to expose a 
25 mask pattern. The approximate complex amplitude transmittance distribution T'(r) shown by the solid line is given as 

T = 1-0 (when cos(2Kpr^ - 6/2) ^ 0) or -0.6 (when cos(2rtpr^ - e/2) < 0) 

As a result, the focus dependence of the light intensity distribution as shown in Fig. 78 is obtained, thereby producing 
30 the same effect as in the first embodiment. In addition, the light intensity is increased by a factor of 1 .5 as compared 
with the first embodiment, thus saving the exposure time. In this way. Equation (5) may be appropriately subjected to 
discrete approximation. 

There are various methods of approximation in addition to the one shown above. 

In the case where a(f) (or f S(s)a(f-s)ds in the case of partial coherence) in the integral of Equation (3) is a function 
35 having an appropriate expansion against the spatial frequency f, there exists a function T'(0 which gives substantially 
the same result as when the (Fourier) integral of the product of a(f) (or f S(s)a(f-s)ds) and T{f) (and the pupil function) 
is substantially equal (within ±10%) to the (Fourier) integral of the product of a(f) (or ) S(s)a(f-s)ds) and 
cos(2rtpf ^ - e/2) (and the pupil function). The complex amplitude transmittance distribution T{r) expressed by such a 
function may be used as an approximate distribution of Equation (5). 

40 

Third embodiment 

A filter having a complex amplitude transmittance distribution with p of approximately 0.55 and 9 of approximately 
140** in Equation (5) (Fig. 8A) was inserted at the stop position (conjugate plane of the entrance pupil) determining the 

45 numerical aperture of the projection lens of an excimer laser reduction projection exposure apparatus having a numer- 
ical aperture of 0.5. As the next step, line-and-space patterns (striped patterns) of various sizes were exposed and 
transferred at various focal positions to check the depth of focus producing a resist pattern of the desired line width hav- 
ing a satisfactory section, by the use of a resist similar to the one used in the first embodiment. For the purpose of com- 
parison, a similar experiment was conducted on a case lacking a filter. As a result, the relationship between the depth 

50 of focus and the dimensions as shown in Fig. 88 was obtained. The result of another similar test conducted by use of 
a phase shifting mask of inversed phase for each aperture pattern of the line and space is shown in Fig. 8C. As seen 
from the drawing, the provision of a filter increases the depth of focus by about 50% to 70% for a 0.3 um pattern corre- 
sponding to the Rayleigh's limit in the case of a conventional transmission mask and a 0.2 jam pattern in the case of a 
phase shifting mask respectively. According to the present embodiment, as in the first embodiment, the absolute value 

55 of light intensity greatly decreases while the use of a positive-tone chemically-amplified resist of 10 mJ/cm^ in sensitivity 
permits exposure in about 0.3 seconds. 

A similar result was obtained also when the amplitude transmittance distribution of Fig. 8A was subjected to an 
appropriate discrete approximation as in the second embodiment. 

An actual LSI wiring pattern as shown in Fig. 9A was exposed under various conditions by the use of the above- 
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mentioned optical system. (The numerical aperture was changed to 0.45). The resulting light intensity distributions are 
shown in Figs. 9B to 9G. (A phase shifting mask was used.) In the absence of a filter, an image substantially disappears 
in the case of 1 ^m defocus at a = 0.5. Even when a = 0.3. a l-^m defocus deteriorates the image at the peripheral 
parts of the wiring. The insertion of a filter makes possible a pattern resolution faithful to a mask pattern even with 1- 
5 iim defocus. 

Fourth embodiment 

Now. an example of design of an optical filter according to the present invention will be explained. 

w Two types of materials having different indexes of refraction and absorption coefficients are layered in an axially 
symmetric appropriate thickness distribution on an optically parallel transparent plate. The thickness of each of the 
materials is adjusted to attain the desired values of the phase and amplitude of the light transmitted through the layered 
films. Let the indexes of refraction of the two types of material be n^, n2, the absorption coefficients thereof k-,. k2 and 
the thicknesses thereof d^, dg- The phase of the light transmitted through the layered films is given as {2n/kQ) (n^di + 

75 ngdg) and the amplitude transmittance exp(-(2rr//.o){kidi + k2d2)]. (The multiple interference effect is ignored for simpli- 
fication.) As a result, the intended thickness distribution is obtained by solving the simultaneous primary equation with 
di and d2 as variables shown below against the desired amplitude transmittance distribution t(r) of a filter. 

(2K/k o) [(n ^ - i)d T+(n g-Odg] = 2nK (when t(r) < 0) or (2n+l)7c (when t(r) < 0) 

20 

exp[-(2K/lQ){k,6, +k2d2)].= |t(r)| 

(n: Integer) 

According to the present embodiment. Al and Si02 were used as the two types of materials. The indexes of refrac- 
25 tion of Al and Si02 for the wavelength of 250 nm are about 0.1 75 and 1 .5. and the absorption coefficients thereof are 
about 2.725 and 0.0 respectively Aluminum has a large absorption coefficient and a small index of refraction. There- 
fore, the required thickness and the phase change after transmission through the Al layer are small. As a result. In this 
combination of materials, the transmittance may be considered to be substantially determined only by the Al thickness, 
and the phase change only by the Si02 thickness. The complex amplitude transmittance of a filter designed for a com- 
30 plex transmittance distribution with p = 0.65 and e = 260° in Equation (5) and the respective layer thickness distributions 
for Al and Si02 are shown in Figs. 10A. 10B and IOC respectively. 

The multiple interference effect which is ignored in the present embodiment for simplification should be taken into 
account in general cases. Also, materials other than Al and Si02 may of course be used alternatively 

35 Fifth embodiment 

Now. an example of production of a filter having an amplitude transmittance distribution that can not necessarily be 
expressed by Equation (5) and the effect thereof will be described. 

An annular Cr absorber pattern having a discrete thickness distribution was produced by depositing Cr in vacuum 

40 concentrically through various circular or annular masks having a predetermined radius on an optically parallel plate 
transparent to the exposure light and having a sufficient thickness accuracy against the wavelength X thereof. The radial 
distribution of absorber thickness is shown typically in Fig. 1 1 A. As the next step. MgF2 having a thickness d of >7{2(n- 
I)} is deposited in vacuum through an annular mask uniformly on an optically parallel plate formed with the above-men- 
tioned absorber pattern, thereby producing a circular phase filter pattern comprising an MgF2 layer, (n: Index of refrac- 

45 tion of MgFj film) The center of the phase filter pattern is of course made to coincide with that of the annular absorber 
pattern. Fig. 1 1B typically shows a radial distribution of an MgF2 layer thickness. As a result, the radial distribution of 
the complex amplitude transmittance of the optical filter thus formed is as shown by solid line in Fig. 11 C. This complex 
transmittance distribution is a discrete approximation of T(r) = [I - 2 • cos(2n: • 0.8 • r ^)]/3 (dashed line in the drawing). 
Applying this filter to a projection exposure apparatus as in the first embodiment, substantially the same effect as in the 

50 first embodiment was obtained. 

Then, an optical filter having a radial distribution of complex transmittance shown by solid line in Fig. 12 was pro- 
duced in similar fashion. This complex transmittance distribution is a discrete approximation of T(r) = sin(2n: • 0.65 • r ^) 
(dashed line in the drawing). As the result of applying this filter to a projection exposure apparatus as in the first embod- 
iment, the depth of focus for a line and space pattern having a size at the Rayleigh's limit increased by about 70%. 

55 Next, T(r) = cos(2n: • 0.3 • r^) was multiplied by T(r) = 0.9r^ + 0.1 and the product was subjected to discrete 
approximation to obtain a transmittance distribution. An optical filter having such a transmittance distribution was pre- 
pared by a method similar to the one mentioned above. The radial distribution of complex amplitude transmittance of 
the optical filter thus obtained is shown in Fig. 13. Applying this filter to a projection exposure apparatus in the same 
manner as in the first embodiment, the effect substantially similar to the one of the third embodiment was obtained. In 
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the case of an optical fitter for which T*(r) is not multiplied, on the other hand. l30th the resolution and the cross sectional 
profile of the resist pattern were extremely deteriorated. The method of selection of T(r) and T(r) is not limited to the 
one mentioned above. 

As the next step, in order to obtain a depth of focus especially large against the hole pattern, an optical filter was 

5 produced by subjecting the amplitude transmittance distribution with M = 5 in Equation (11) to discrete approximation. 
Fig. 14A shows a radial distribution of the thickness of an annular absorber pattern. Fig. 14B a corresponding transmit- 
tance distribution. Fig. 1 4C a plan view of a phase filter pattern, and Fig. 1 40 a radial distribution (solid line) of the com- 
plex amplitude transmittance of a final optical filter. (The dotted line in Fig. 1 4D shows a distribution based on the 
original equation.) This filter was applied to a reduction projection exposure apparatus as in the first embodiment, with 

w the result that a depth of focus of more than 5 um was obtained against a 0.3-|jm hole pattern. The exposure intensity, 
however, was extremely decreased. Although the amplitude transmittance distribution is subjected to discrete approxi- 
mation as shown in Fig. 140 according to the present embodiment, a phase filter may alternatively be produced by 
extracting only the phase information while reducing the discrete level or the discrete level may be set more in detail. 
The absorber materia! Cr used according to the present embodiment may be replaced by any other material includ- 

75 ing aluminum having an appropriate absorbance of exposure light. Also, the phase filter may be made of any material 
other than MgFg. which is transparent to exposure light and has an appropriate index of refraction. The filter may be 
produced by a method similar to the one described above. A pattern of an SOG (spin on glass) film may be transferred, 
for example, by a normal lithography process using the contact exposure method. Further, depending on the absorber 
material, in order to prevent the change in the thickness of the phase filter, a planarizing layer or the like may be formed 

20 . on the absorber pattern. 

Sixth embodiment 

This embodiment is so configured that various optical filters such as shown in the first to fifth embodiments are 
25 insertable from outside at the pupil position of the projection lens of the projection exposure apparatus. Also, when none 
of these special optical filters is used, an optical parallel plate having the same material and thickness as the plate of 
each filter is inserted to prevent the change of the optical characteristics of the projection lens. 

According to the present embodiment, each filter can be set either automatically or manually by a command from 
the control console of the projection exposure apparatus. 

30 

Seventh embodiment 

A plurality of very small filters with the light transmittance and index of refraction thereof changeable continuously 
by a voltage were two-dimensionally arranged to make up a filter array at the stop position for determining the pupil or 

35 aperture of the projection lens of a projection exposure apparatus. By controlling the voltage applied to each of the 
small filters making up the filter array independently, it is possible to set as desired the complex amplitude transmittance 
distribution of the stop plane determining the pupil or aperture of the projection lens. Normally, the voltage is set auto- 
matically by programming a desired complex amplitude transmittance distribution beforehand In the control computer 
of the projection exposure apparatus. 

40 This function was used to obtain a complex amplitude transmittance distribution with p = 0.65 and 6 = 1 40° in Equa- 
tion (5). As a result, the same effect as In the first embodiment was secured. On the other hand, different voltages were 
applied to different small filters to obtain a complex amplitude transmittance distribution with p = 0.55 and 9 = 140° in 
Equation (5). thus securing the same effect as in the second embodiment. 

45 Eiohth embodiment 

Now, explanation will be made about the effect resulting from the modulation of the phase amplitude transmittance 
of a mask. 

First, the amplitude transmittance for a square aperture pattern having 0.3-|im sides as shown in Figs. 1 5A and 1 58 
50 were converted according to Equation (7), The amplitude transmittance distribution of the mask thus obtained is shown 
in Figs. 1 5C and 1 50 as a contour map and a distribution along the line A-A' therein. In these diagrams, however, p was 
set to 0.7 and e to 250°. 

Masks having the amplitude transmittances of Figs. 1 5A, 1 5B and 1 5C. 1 50 were prepared. A method of preparing 
the mask shown by Figs. 15C. 150 will be described briefly. A plurality of combinations of an Al film capable of absorb- 
55 ing the exposure light and an etching stopper layer for the Al film transparent to the exposure light were formed on a SI 
substrate. After that, each of the layers was repeatedly subjected to the resist patterning process using the electron 
beam plotting and the etching of the Al film with the resist as a mask. As a result, the Al film thickness distribution was 
changed, so that the amplitude transmittance approximately assumed the absolute value of the amplitude transmit- 
tance shown in Figs. 1 5C and 1 50. Then, according to the ordinary phase-shifting method of mask preparation, a phase 
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shifter pattern made of a SiOg film was formed in a region where the amplitude transmittance is negative in Figs, 15C 
and 1 50. More strictly, it is desirable to determine the Si02 thickness distribution by taking into consideration the phase 
change due to the Al film transmission. Since the phase change is very small, however, the Si02 thickness distribution 
was considered as uniform in the present embodiment. 

5 As the next step, the mask was exposed by projection on a substrate spin-coated with a positive-type chemically- 

amplified resist of atwut 50 mH/cm^ in sensitivity by use of a KrF excimer reduction projection expxisure apparatus hav- 
ing a numerical aperture of 0.5. In the process, a high coherent illumination of 0.1 in coherence factor a was employed. 
As a result, the focus dependence of light intensity distribution of an optical image as shown in Figs. 16A and 16B was 
obtained for the patterns shown in Figs. 15A and 15C respectively. By using the mask shown in Fig. 15C, the depth of 

10 focus was more than tripled as compared with the conventional mask shown in Fig. 15C. Also, the FWHM of the light 
intensity distribution was reduced by about 20%, thereby improving the resolution limit. (The size of the original hole 
pattern is at the resolution limit, and tiierefore the FWHM of the light intensity disti-ibution is not reduced by a further 
increase of the mask size.) Further, the absolute light intensity more than doubled. 

Exposure and development was effected for various exposure doses and under various focus conditions. As a 

15 result, hole patterns of 0.2 um to 0.35 ^m in diameter having a satisfactory cross-sectional profile were formed over a 
±1 .5 Mm focal range by adjusting the exposure time. The exposure process required less than 0.3 seconds. 

As described above, a substantial coherency (small coherence factor a) is one of desirable illumination conditions 
of the present invention. Exposure was therefore effected by changing the coherence factor a. The coherency depend- 
ence of the light intensity distribution using the mask shown in Figs. 1 5C and 1 5D is shown in Figs. 1 7A to 1 7D. When 

20 u is 0.2, an image under 1 .5-um defocus expands slightiy, and when a becomes 0.3. the image is apparentiy deterio- 
rated. Comparison of the optical image at a = 0.5 with the original optical image shows that the improvement in depth 
of focus has decreased to about 20%. As a result, the coherence factor a is preferably less than 0.3, or more preferably 
less than 0.2 or 0.1. 

The wavelength, the numerical aperture, the resist process used, the coherency and the shape and size of the 
25 mask pattern of the exposure apparatus are not limited to those used in the present embodiment. Nor are the values of 
p and e limited to those shown above, and optimum ones should be used according to the shape and size of the pattern 
involved. Further, in place of the formula cos(2n:pf ^ - e/2) in equation (7). the function T(f) satisfying the conditions 
described in the second embodiment may be used as a conversion formula thereby to produce substantially the same 
result even after pattern conversion. Depending on the coherency. Equation (9) may be used for conversion. Further, 
30 any method of forming a mask other than the one described in the present embodiment may be used to the extent that 
a predetermined amplitude transmittance is realizable. In order to change the transmittance. for example, an appropri- 
ate material having an absorption characteristic against the exposure light may be selectively injected by use of a 
focused ion beam apparatus or the like. Various well-known methods may be employed also when changing the thick- 
ness distribution of an absorber. 

35 

Ninth embodiment 

A mask was prepared with the amplitude transmittance shown in Figs. 15C and 1 5D subjected to discrete approx- 
imation as shown in Figs. 18A and 188. A composite layer of SiOg and Si3N4 films formed by the CVD method on a 
40 peripherally-added sub-aperture pattern was selectively prepared. The thicknesses of the films were determined in 
such a manner that the amplitude transmittance is 60% and the phase of the light transmitted therethrough is an inver- 
sion of the phase of the light transmitted through the main aperture pattern. 

The focus dependence of the light intensity distribution of an optical image obtained when using the mask of Fig. 
ISA is shown in Fig. 18C. In this way. substantially the same effect as in the eighth embodiment is obtained according 
45 to the present embodiment. The method of approximation is not limited to the one shown in Fig. 18A, but various other 
methods are available with equal effect. The corners of the sub-aperture pattern around the main pattern, for instance, 
may be removed. A substantially equal effect is obtained also by maintaining the center distance between the main and 
sub-aperture patterns almost constant while changing the width and transmittance of each pattern under the conditions 
where the ratio of the product of width (or area) and transmittance between the two patterns remains substantially con- 
so stant. 

The process for mask preparation was remarkably simplified by the present embodiment. 
Tenth embodiment 

55 Now. an example of application of the present invention to hole pattern formation in DRAM (Dynamic Random 
Access Memory) will be described below. 

An arrangement of contact holes in a folded bit line cell is shown in Fig. 19A. The layout rule provides a wiring pitch 
of 0.5 um. Patterns appropriately approximating the transmittance distribution shown in Fig. 158 are simply arranged 
at hole pattern positions of the design mask shown in Fig. 19A to form the mask shown in Fig. 198. The transmittance 
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was set to 100% for both 0^ and 180** regions. The masks shown in Figs. 19A and 19B were exposed by an optical sys- 
tem similar to the one used in the first embodiment, and the resulting light intensity distributions are shown in Figs. 20A, 
20B and 20C. 20D, respectively. When this modified mask is used, a pattern could be resolved even under a 1-^m defo- 
cus which causes substantial disappearance of the image according to the conventional masks. Since the proximity 

5 effect caused a considerable peak of light intensity between patterns, however, the exposure latitude was very narrow. 
Taking the cell symmetry into account, therefore, the phase difference of 1 20 degrees was introduced between adjacent 
patterns thereby to suppress the interference. Such a mask was prepared by forming topographical patterns (of which 
the size and accuracy may be relatively rough) corresponding to the phase differences of 120 and 240 degrees in 
advance on a recticle plate, and arranging a phase shifter similar to the one for the mask shown in Fig. 19B on the 

10 assembly. Light intensity distributions as shown in Figs. 20E and 20F were thus obtained. The light intensity peak 
between hole patterns such as seen in Figs. 20C and 20D was relatively suppressed to produce a focus region having 
a uniform light intensity distribution with a narrow FWHM. 

Now. a similar result is shown in Figs. 21 A to 21 C and Figs. 22 A to 22F for holes arranged in pitches for the period 
of wiring patterns (through holes between substrate and cell plate, for instance). In this case, adjacent patterns are 

15 undesirably connected by the proximity effect even at the focal point in the case of the conventional transmission mask. 
In view of this, a mask was prepared (Fig. 21 A) introducing the phase difference of 180 degrees between adjacent pat- 
terns. Also, since a sub-shifter pattern occupies a large area as shown in Figs. 15C, 15D and Fig. 18, sub-shifter pat- 
terns are undesirably superposed one on the other in the case where the distance between hole patterns is small. The 
patterns shown in Fig. 21 A are converted collectively according to Equation (7) to produce the mask shown in Fig. 218. 

20 Further, the mask shown in Fig. 21 C was obtained by discrete approximation. 

The light intensity distributions obtained by the masks in Figs. 21 A. 218 and 21 C are shown in Figs. 22A, 228 and 
22C. 22D. In spite of the improvement in the depth of focus by the mask subjected to collective conversion according to 
Equation (7). the light intensity is reduced at the end of the pattern. In the case of the mask shown in Fig. 21 C. a uniform 
light intensity distribution having a narrow FWHM is realized without any reduction in light intensity at the pattern ends. 

25 The improved (modified) mask shown in Fig. 21 C may be formed through exactly the same process as the conventional 
phase-shifting mask is formed. 

In the case where holes are arranged at the period V2 times larger than the wiring pitch (quasifolded bit line cell), 
a more desirable effect is obtained not by introducing any phase difference between adjacent patterns, 

30 Eleventh embodiment 

An example of application of the present invention to a mask having hole patterns of different feature sizes will be 
described. 

A mask including three types of patterns subjected to discrete approximation as shown in Figs. 23A. 238; 23D. 
35 23E; and 23G. 23H is prepared, and is used to effect exposure and development as in the eighth embodiment, thereby 
producing a resist pattern. The defocus dependence of the light intensity distribution obtained by exposure is shown in 
Figs. 23C. 23F and 231. 

Fig. 23D represents a limit beyond which the FWHM of the light intensity distribution could not be reduced any more 
even by changing the arrangement. In Fig. 23A. the sizes (widths) of the main pattern and sub-pattern shown in Fig. 

40 23D are reduced. As a result, the absolute value of light intensity distribution is reduced without changing the shape 
thereof. In Fig. 23G. on the other hand, the FWHM of light intensity distribution was expanded by changing the values 
of p and e in Equation (7). 8y using the mask patterns shown in Figs. 23A. 23D and 23G. hole patterns having diame- 
ters of about 0.2 um. 0.3 ^m and 0.4 um were produced. These patterns correspond substantially to the width (W in the 
drawing) of the tight intensity distribution at the level of light intensity 1 shown in the drawings. 

45 In this embodiment, the same exposure wavelength, numerical aperture, coherence factor and the resist process 

were used as in the first embodiment. The present invention, however is not limited to them. There is more than one 
pattern arrangement for producing a resist pattern of the desired size, other than those shown in Figs. 23A to 231. 
Although the absolute value of light intensity was reduced by reducing the pattern width according to the present 
embodiment, the transmittance may alternatively be reduced. 

50 It is possible according to the present invention to meet the mask requirements including various sizes of holes by 

pattern conversion or subsequent approximation in accordance with each hole pattern size. 

As described above, according to the present invention, a mask is projected for exposure on a substrate through a 
projection lens by use of light to form a pattern on the substrate. In the process, the complex amplitude transmittance 
distribution of the mask pattern or the pupil of the projection lens (or the aperture stop at a position conjugate therewith) 

55 or the illumination distribution of an effective light source emitting the light are set in such a manner as to produce an 
image having amplitudes of a plurality of images formed at different points along the light axis, which amplitudes are 
superposed with an appropriate phase difference. In the case of shortening the wavelength and increasing the NA to 
improve the resolution limit, therefore, a large depth of focus and an excellent image quality can be realized at the same 
time. 
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Also, according to the present invention, an optical filter having a complex amplitude transmittance distribution 
expressed as 

T(r) =cos(2Ttpr^ - 0/2), 

(p, 6: Appropriate constant) 

is realized with the radial coordinate r standardized by the maximum radius as a function at the pupil or aperture stop 
position. By doing so. even in the case where the wavelength is shortened or NA is increased to improve the resolution 
limit, it is possible to maintain a large depth of focus and a high image quality. 

Further, according to the present invention, a layout pattern plotted on the LSI is subjected to Fourier transform, 
and a subsequent pattern data is multiplied by cos(27tpf ^ - 0/2) . The resulting pattern subjected to inverse Fourier 
transform or an approximate resolution thereof is used as a mask pattern, so that an LSI is fabricated by exposure, 
thereby making it possible to increase the light intensity as well as to secure a large depth of focus and a high quality 
image at the same time. 

As a result, a fine pattern can be formed on the entire surface of an LSI substrate with an advanced three<iimen- 
sional device structure, thereby realizing a pattern of 0.2 to 0.3 um in an optical exposure system. 

Claims 

20 1 . A method of mask layout design comprising the steps of obtaining the Fourier transform of a layout pattern drawn 
on an LSI, multiplying the Fourier transform data by cos(27rpf ^ - 0/2) in the spatial frequency domain (where f is a 
dimensionless spatial frequency spectrum normalised by NA/X, 0.3 < p < 0.7. and 10p < 0 < lOp - 2 ). and taking 
the inverse Fourier transform of the resulting product. 

2. A method of mask production comprising the steps of obtaining the Fourier transform of a designed layout pattern 
drawn on an LSI. multiplying the Fourier transform data by cos(27ipf ^ - 0/2) in the spatial frequency domain 
(where f is a dimensionless spatial frequency vector normalised by N/VX, 0.3<p<0.7and 10p-5<0 < 10p-2). 
taking the inverse Fourier transform of the resulting product to produce a pattern, and selectively forming a light 
absorbing layer and a phase-shifting layer of appropriate thickness on a transparent substrate in such a manner 
that the amplitude transmittance distribution of the mask selected one of said pattern and an approximate solution 
of said pattern thereof represents. 

3. A mask produced by the steps of obtaining the Fourier transform of a layout pattern drawn on an LSI to, multiplying 
the Fourier transform data cos(2rtpf - 0/2) in the spatial frequent domain by (where f is a dimensionless spatial 

35 frequency vector normalised by NA/X. 0.3 < p < 0.7. and lOP - 5 < 0 < lOp - 2 ). and taking the inverse Fourier 

transform of the resulting product to produce a pattern, said mask having selected one of said pattern and an 
approximate solution of said pattern as an amplitude transmittance distribution. 

4. A mask according to claim 3 exposed by projection under the illumination condition of 0.3 or less in coherence fac- 

40 tor. 



. 5. A mask comprising an opaque region including a main aperture pattern and sub-aperture patterns arranged sub- 
stantially symmetrically around the peripheral part of the main aperture pattern and having a substantially opposite 
phase transmittance to the main aperture pattern, the center distance between the main aperture pattern and sub- 
45 aperture pattern being in the range defined by L = kK/NA (where 0.6 < k < 0.9). the relationship 
2.5 < (S'.T)/(So.Tq) < 5 being held between the area Sq of the main aperture pattern the transmittance Tq of the 
main aperture pattern, the area S' of the subaperture patterns and the transmittance T of the subaperture patterns. 

6. A mask according to claim 5. comprising a plurality of combinations of said aperture pattern and said subaperture 
50 patterns, wherein the phase transmittances of adjacent main patterns are relatively different from each other. 

7. An optical filter disposed at selected one of the pupil plane of lens, a plane conjugate with the pupil plane and the 
stop position determining the aperture of the lens, wherein the complex amplitude transmittance distribution of said 
filter is represented by selected one of cos(27ipr^ - 0/2) (where r is a radial coordinate of the pupil plane normal- 

55 ised by the maximum radius of the pupil. 0.3 < p < 0.7. and 10p -5 < 0 < 10p - 2 ) and an appropriate discrete dis- 

tribution thereof. 

8. An optical lens comprising an optical filter according to claim 7 disposed at selected one of the substantial pupil 
plane of a lens, a plane conjugate with the pupil plane and the stop position determining the aperture of the lens. 
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9. A method ot manufacturing a semiconductor device comprising the steps of: 
preparing a mask having a predetermined pattern; 

preparing a projection lens structure having a filter with a first region and a second region for passing light in 
5 different phase each other: 

setting said semiconductor device at the exposure field of said lens structure: and 

exposing said mask with light to project said pattern on a principal surface of said device through said lens 
structure. 

w 1 0. A method of manufacturing a semiconductor device according to claim 9. wherein said filter comprising a substrate 
through which said light passes without shifting said phase of light and a film on said substrate through which said 
light passes with shifting said phase of light. 

11. A method of manufacturing a semiconductor device according to claim 10, wherein said substrate comprises 
15 quartz and said film comprises Al. Cr, MgF2, Si02 or Al plus Si02- 

12. A method of manufacturing a semiconductor device according to claim 9. wherein said light comprising an excimer 
laser beam. 

20 13. A method of manufacturing a semiconductor device according to claim 9. wherein one of said first and second 
regions comprises a Cr film pattern having a discrete thickness distribution. 

14. A method of manufacturing a semiconductor device according to claim 9, wherein said filter forming the projected 
images of said pattern at first image plane and a second image plane, said principal surface being positioned 

25 between said first and second plane. 

15. A method of manufacturing a semiconductor device according to claim 9, wherein said filter performing more uni- 
form tight intensity distribution along a light axis at the vicinity of the image plane compared with that without said 
filter. 

30 
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